Anomaly Mediation and Dimensional Transmutation by Jones, D. R. T. & Ross, G. G.
ar
X
iv
:h
ep
-p
h/
06
09
21
0v
2 
 4
 O
ct
 2
00
6
LTH 717
NSF-KITP-06-85
hep-ph/0609210
Anomaly Mediation and Dimensional
Transmutation
D.R.T. Jones
Dept. of Mathematical Sciences, University of Liverpool, Liverpool L69 3BX, UK
and G.G. Ross
The Rudolf Peierls Centre for Theoretical Physics, Oxford University, 1 Keble
Road, Oxford OX1 3NP, UK
Abstract
We show how a sparticle spectrum characteristic of anomaly mediation can
arise from a theory whose Lagrangian contains no explicit mass scale. The scale
of supersymmetry breaking is governed by the gravitino mass, which is the
vacuum expectation value of the F -term of the conformal compensator field,
and the tachyonic slepton problem is resolved by the breaking of a U ′
1
gauge
symmetry at a scale determined by dimensional transmutation.
1 Introduction
Anomaly mediation is an attractive alternative to the MSUGRA paradigm for low
energy supersymmetry [1]-[3]. In Ref. [4] we showed how augmenting the MSSM
with an extra U1 broken at high energies provides a natural solution to the AMSB
tachyonic slepton problem if the extra U1 has a Fayet-Iliopoulos term; this model
being the explicit construction associated with the scenario first explored in detail
in Ref. [5]. Here we show that a similar low energy theory can in fact arise from
a scale invariant MSSM ⊗ U ′
1
theory, with the scale of U ′
1
breaking arising by
dimensional transmutation, and the only explicit terms of dimension two and three
in the Lagrangian being those associated with AMSB. The U ′
1
breaking scale also
determines the right handed neutrino masses, which in turn determine the observable
neutrino masses via the usual see-saw mechanism. The low energy theory differs,
however, from that of Ref. [4], in that a light MSSM singlet survives the U ′1 breaking;
this raises subtle issues concerning decoupling, as described by Pomarol and Rattazzi
(PR) [3].
2 U(1)′ radiative breaking
2.1 The superpotential
The superpotential for our theory is
W =W1 +W2 +W3, (1)
where W1 contains the Yukawa terms responsible for the quark and lepton Dirac
masses (including the neutrino Dirac masses):
W1 = QYut
cH2 +QYdd
cH1 + LYee
cH1 + LYνν
cH2 (2)
and W2 contains additional terms involving an MSSM singlet sector; a pair of fields
φ, φ charged under U ′1, and gauge singlet fields U , Z:
W2 = U(λφφ− 12ρZ2) + 16kU3. (3)
W3 contains terms coupling the two sectors, the purpose of which which will be to
generate the Higgs µ-term and the right-handed neutrino masses. We will consider
two slightly different forms for W3:
WA3 = λ
′′UH1H2 + 12Yνcφν
cνc (4)
and
WB3 = λ
′′ZH1H2 + 12Yνcφν
cνc. (5)
Here λ, λ′′, ρ, k are coupling constants while Yu,d,e,ν and Yνc are 3 × 3 matrices in
flavour space. The superpotential W is natural in that it contains all possible cubic
terms allowed by the symmetry MSSM ⊗U ′1 ⊗Z2, where, under Z2, Z → −Z. and
1
qQ quc qdc qH1 qH2 qνc qφ = −qφ
−1
3
qL −qe − 23qL qe + 43qL −qe − qL qe + qL −2qL − qe 4qL + 2qe
Table 1: Anomaly free U1 symmetry for arbitrary lepton doublet and singlet charges
qL and qe respectively.
the remaining fields are invariant (in the case of WA3 ) or arranged so that H1H2 →
−H1H2 (in the case of WB3 ).
Note that W contains no explicit mass scale. The electroweak scale (and the as-
sociated supersymmetry-breaking scale) are generated via anomaly mediation, while
the U ′
1
-breaking scale is generated by dimensional transmutation, as we shall discuss.
The U ′
1
charge assignments of the various fields are shown in Table 1.
2.2 The scalar potential
Our theory is defined by the superpotential Eq. (1), with the addition of anomaly
mediation soft-breaking terms of the general form
LSOFT =
∑
φ
m2φφ
∗φ+
[
m23H1H2 +
3∑
i=1
1
2
Miλiλi + h.c.
]
+ [H2Qhtt
c +H1Qhbb
c +H1Lhττ
c + h.c.] , (6)
where
Mi = m0βgi/gi (7a)
hY = −m0βY (7b)
m2φ =
1
2
m20µ
d
dµ
γφ. (7c)
Here m0 is the gravitino mass, βgi are the gauge β-functions, γ the chiral supermul-
tiplet anomalous dimension, Y stands for any Yukawa coupling and βYt,b,τ are the
Yukawa β-functions. (We will discuss presently the origin of the Higgs µ-term and
associated soft breaking term).
Let us seek an extremum of the scalar potential such that φ, φ, Z obtain vacuum
expectation values which are of the same order and much bigger than m0. We there-
fore begin by writing down the scalar potential corresponding to the superpotential
W2. Note that this superpotential has no accidental additional continuous symme-
tries; consequently at the extremum there will be no pseudo-Goldstone bosons. The
relevant tree potential may be written
V = 1
2
m21x
2 + 1
2
m22y
2 + 1
2
m23z
2 + 1
2
m2uu
2 + h1uxy +
1
2
h2uz
2 + 1
6
h3u
3
+ 1
4
λ2(xy − z2 + 1
2
ku2)2 + 1
4
λ2u2(x2 + y2) + 1
2
λρu2z2 + 1
8
g2φ(x
2 − y2)2. (8)
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Here gφ = qφg
′ where g′ is the U ′
1
coupling, x/
√
2 = 〈φ〉, y/√2 = 〈φ〉, z =
√
ρ
λ
〈Z〉,
u/
√
2 = 〈U〉, mφ = m1, mφ = m2, m23 = 2m2Zλ/ρ and k = k/λ. The cubic couplings
h1,2,3 are related to βλ,ρ,k according to Eq. (7b):
h1 =
1√
2
hλ = −m0√
2
βλ (9a)
h2 = −
√
2λ
ρ
hρ =
√
2λm0
ρ
βρ (9b)
h3 =
1√
2
hk = −m0√
2
βk. (9c)
For an extremum we have
x
[
m21 +
1
2
g2φ(x
2 − y2) + 1
2
λ2u2
]
+ y
[
1
2
λ2(xy − z2 + k
2
u2) + h1u
]
= 0 (10a)
y
[
m22 − 12g2φ(x2 − y2) + 12λ2u2
]
+ x
[
1
2
λ2(xy − z2 + k
2
u2) + h1u
]
= 0 (10b)
z
[
m23 − λ2(xy − z2 + k2u2) + λρu2 + h2u
]
= 0 (10c)
u
[
m2u +
1
2
λ2(x2 + y2) + 1
2
kλ2(xy − z2 + k
2
u2) + λρz2
]
+h1xy +
1
2
h2z
2 + 1
2
h3u
2 = 0. (10d)
We seek an an extremum such that the U ′
1
is broken at a scale much larger than
m0. For this to be a minimum, we see from Eq. (8) that it must correspond to
x ∼ y ∼ z >> u. Then, setting x ≈ y ≈ z ≈M , we have from Eq. (10d) that
u ≈ − 2h1 + h2
2(λ2 + λρ)
, (11)
so that u is naturally of O( m0
16pi2
). Now in anomaly mediation we have (for a typical
TeV sparticle spectrum) m0 ∼ 40TeV; we thus obtain, in the case W3 ≡ WA3 ,
a contribution to the Higgs µ-term from Eqs. (4), (11) of appropriate magnitude
(around 0.5TeV) without having to assume a small value of the coupling λ′′. It is
also easy to show (from Eqs. (10a), (10b)) that (to leading order in M)
x2 − y2 = m
2
2 −m21
g2φ
, (12)
so that the contribution to the slepton doublet mass is simply
∆m2L =
1
2
g2φ
qL
qφ
(x2 − y2) = m
2
2 −m21
2
qL
qφ
(13)
(with a similar formula for the slepton singlet mass) so, as long as we pick charges
such that qL and qe have the same sign (depending on the sign of m
2
2
− m2
1
), we
have a potential solution to the tachyonic slepton problem. Since m21,2 depend on
unknown couplings we can write
m22 −m21
2qφ
= ξ (14)
3
where ξ is an effective Fayet-Iliopoulos parameter.
Setting x = R cos Ω and y = R sinΩ, we find also from Eqs. (10a), (10b) that
sin 2Ω = −m
2
3 + (2h1 + h2)u+ λρu
2
m2
1
+m2
2
+ λ2u2
. (15)
Now our desired extremum corresponds to Ω ≈ pi/4; we see easily from Eq. (15) and
using Eq. (11) that at this extremum we require
∆ = m21 +m
2
2 +m
2
3 −
(h1 +
1
2
h2)
2
λ(λ+ ρ)
= 0 +O
[
(m40/M
2)
]
. (16)
Now this looks like a fine-tuning of the fundamental parameters; however when we
bear in mind that all these parameters are functions of scale then this interpretation
changes. The crucial point is that if we are interested in the effective potential of
a set of fields at an (approximately common) value of these fields much larger than
any explicit mass parameters, then the appropriate scale to evaluate the potential
is one equal to the the scale set by the value of the fields themselves. This simply
minimises the effect of radiative corrections on the tree potential.
Now from Eq. (8) it is clear that for m2
1
+ m2
2
+ m2
3
≤ 0, the potential V is
unbounded from below as for u = 0 and x = y = z → ∞. Crucially, however, it is
quite natural to have ∆ ≤ 0 at some scale (corresponding to µ < M) and then ∆ > 0
for µ > M . We will demonstrate that this mechanism works explicitly in the next
section by examining the variation of ∆ with renormalisation scale. It follows that
the potential will develop a minimum at the scale such that Eq. (16) is satisfied. It
is easy to show from Eq. (8) that in the neighbourhood of the minimum,
V =
1
2
∆M2 +O
[
m40
]
. (17)
This is, of course, an example of dimensional transmutation as originally described
by Coleman and Weinberg [6]; the relation Eq. (16) is analogous to the relation CW
wrote down between the quartic scalar and gauge couplings (valid at the extremum
of the potential) in massless scalar QED. In describing the breaking of a gauge
symmetry at high energies our approach here is reminiscent of Witten’s inverted
hierarchy model [7].
The upshot of all this is that without fine-tuning, our scale invariant potential
can quite naturally have an extremum such that x ∼ y ∼ z ∼ M >> m1,2,3, thus
achieving U ′1 breaking in a manner similar to that envisaged in Ref. [4], but without
the explicit introduction of the breaking scale in the form of an FI term.
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2.3 The anomalous dimensions
At one loop the anomalous dimensions of the various fields which only appear in W2
and W3 are given by (for W3 ≡WA3 )
16pi2γφ = λ
2 + 1
2
Tr(Yνc)
2 − 2g′2q2φ (18a)
16pi2γφ = λ
2 − 2g′2q2φ (18b)
16pi2γU = λ
2 + 1
2
ρ2 + 1
2
k2 + 2λ′′2 (18c)
16pi2γZ = ρ
2 (18d)
while for W3 ≡WB3 , Eqs. (18c) and (18d) are replaced by
16pi2γU = λ
2 + 1
2
ρ2 + 1
2
k2 (19a)
16pi2γZ = ρ
2 + 2λ′′2. (19b)
For the MSSM non-singlet fields and νc we have
16pi2(γL)
i
j = (Ye)
ik(Ye)jk + (Yν)
ik(Yν)jk − 2CHδij ,
16pi2(γec)
i
j = (Ye)
ki(Ye)kj − 2Cecδij,
16pi2(γνc)
i
j = (Yνc)
ik(Yνc)jk + 2(Yν)
ki(Yν)kj − 2g′2q2νcδij
16pi2(γQ)
i
j = (Yd)
im(Yd)jm + (Yu)
im(Yu)jm − 2CQδij ,
16pi2(γdc)
i
j = 2(Yd)
mi(Yd)mj − 2Cdcδij,
16pi2(γuc)
i
j = 2(Yu)
mi(Yu)mj − 2Cucδij ,
16pi2γH1 = 3(Yd)
ij(Yd)ij + (Ye)
ij(Ye)ij + λ
′′2 − 2CH ,
16pi2γH2 = 3(Yu)
ij(Yu)ij + (Yν)
ij(Yν)ij + λ
′′2 − 2CH , (20)
where
CQ =
4
3
g23 +
3
4
g22 +
1
60
g21 + q
2
Qg
′2,
CL =
3
4
g22 +
3
20
g21 + q
2
Lg
′2
Cuc =
4
3
g23 +
4
15
g21 + q
2
ucg
′2,
Cdc =
4
3
g23 +
1
15
g21 + q
2
dcg
′2,
Cec =
3
5
g21 + q
2
eg
′2,
CH =
3
4
g22 +
3
20
g21 + q
2
Hg
′2 (21)
and we have written q2H = q
2
H1
= q2H2 , since qH1 = −qH2 .
2.4 RG evolution and radiative breaking
In this section we work in the simplified approximation where we neglect λ′′ and
Yν . As a result the renormalisation group evolution equations of λ, Yνc , ρ k and g
′
become (at one loop) a closed system, which simplifies the analysis, and makes it
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the same whether we use WA3 or W
B
3 . Moreover we will assume a simplified form
for Yνc , to wit
Yνc =
 0 0 00 0 0
0 0 λ′
 . (22)
The β-functions for the Yukawa couplings are then:
16pi2βλ = λ(γφ + γφ + γU )
= λ
[
3λ2 + 1
2
λ′2 + 1
2
ρ2 + 1
2
k2 − 4g′2q2φ
]
16pi2βλ′ = λ
′(γφ + 2γνc)
= λ′
[
λ2 + 5
2
λ′2 − 2g′2(q2φ + 2q2νc)
]
16pi2βρ = ρ(γU + 2γZ) = ρ
[
λ2 + 5
2
ρ2 + 1
2
k2
]
16pi2βk = 3kγU = 3k
[
λ2 + 1
2
ρ2 + 1
2
k2
]
.
(23)
The β-function for the U ′1 gauge coupling is
16pi2βg′ = b
′g′3, (24)
where
b′ = 3(q2e + 3(q
2
uc + q
2
dc) + 6q
2
Q + 2q
2
L + q
2
νc) + 2(q
2
H1
+ q2H2) + 2q
2
φ. (25)
We then find using the AMSB mass formula
(m2)ij =
1
2
m20µ
d
dµ
γij (26)
that
16pi2mφ2 =
1
2
m20(2λβλ + λ
′βλ′ − 4g′βg′q2φ)
16pi2m
φ
2 = 1
2
m20(2λβλ − 4g′βg′q2φ)
16pi2m2Z =
1
2
m20(2ρβρ). (27)
Substituting in Eq. (16) we thus have
(16pi2)2
∆
m2
0
= [32λ5 + 16λ2k2ρ+ 8λρ2k2 + 64λ4ρ+ 4λ3λ′2 + 56λ3ρ2
+ 48λ2ρ3 + 8λ3k2 + 12λ2λ′2ρ+ 9λ′4λ+ 10λ′4ρ+ 24λρ4 + 8λλ′2ρ2
− g′2(1024λ2q2Lρ+ 256λ2q2eρ− 64λ′2q2Lλ+ 192λ′2q2Lρ− 16λ′2q2eλ
+ 48λ′2q2eρ+ 1024λq
2
Lρ
2 + 256λq2eρ
2 + 1024λ2qLqeρ− 64λ′2qLqeλ
+ 192λ′2qLqeρ+ 1024λqLqeρ2)− g′4(4608q4eρ+ 55296q4Lλ
+ 38912q4Lρ+ 5632q
4
eλ+ 97792q
2
e q
2
Lλ+ 73216q
2
eq
2
Lρ+ 37888q
3
e qLλ
+ 29696q3e qLρ+ 116736q
3
Lqeλ+ 83968q
3
Lqeρ)]/(8(λ + ρ)]. (28)
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Fig. 1: Plot of ∆ against t = ln µ
µ0
In Fig. 1 we plot ∆ against t = ln µ
µ0
, choosing initial values so that ∆ = 0 when
µ = µ0. (Specifically, we have taken, at µ = µ0, ρ = λ/10, λ
′ = k = 2λ, λ = 0.4784,
g′ = 1, ξ = 1TeV2 and qL = qe = 0.08. We see that ∆ indeed has the desired
behaviour, with ∆ < 0 at µ < µ0 to ∆ > 0 at µ > µ0. Clearly the potential will
have a minimum for µ ∼ µ0.
3 The low energy theory
3.1 The Higgs spectrum
If we take the superpotential Eq. (3) and shift the fields by their vacuum expectation
values (U → u/√2 + U, φ→ x/√2 + φ, φ→ y/√2 + φ,Z →
√
λ
ρ
z + Z), it is easy to
see that, to O(u
x
), the linear combination
H =
1
R′
[
xφ+ yφ−
√
2ρ
λ
zZ
]
(29)
where
R′2 = x2 + y2 + 2ρ
λ
z2 (30)
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combines with U so that both get large supersymmetric mass terms. The combina-
tion
G =
1
R
[
yφ− xφ] (31)
where
R2 = x2 + y2
is the Higgs/Goldstone multiplet, combining with the U ′
1
gauge multiplet to produce
a spin 1 massive supermultiplet. The orthogonal combination
L =
1
R′′
[
xφ+ yφ+
√
λ
2ρ
x2 + y2
z
Z
]
(32)
where
R′′2 = x2 + y2 +
λ
2ρ
(x2 + y2)2
z2
, (33)
has a large vacuum expectation value but obtains a mass of order u, which from
Eq. (11) is of order TeV. Examined in more detail, we find that the two scalar
components of L have masses of O(u
√
ρ) and its fermionic component a mass of
order uρ if, as we shall motivate later, we choose ρ << λ. It is interesting to note
that the UH1H2 or ZH1H2 terms in the alternative superpotential termsW
A
3
orWB
3
of Eqs. (4) and (5) means that part of our theory resembles the NMSSM. However,
unlike the NMSSM, the light singlet state decouples to O(u
x
) or almost decouples
from the MSSM fields, in the first case because U has no L component while in
the latter case the coefficient of the trilinear term must be chosen to be very small
for phenomenological reasons. In both cases however the existence of the light field
causes a phenomenon of AMSB non-decoupling, described by Pomarol and Rattazzi
(PR) [3], which effects the low energy mass spectrum as discussed below.
3.2 The Higgs µ-term and b-term
3.2.1 A fine tuned solution
Let us consider first the case W3 ≡ WA3 (Eq. (4)). The vacuum described in Sec-
tion 2.2 clearly generates a Higgs µ-term µ1 = λ
′′〈U〉 which is naturally of the right
order of magnitude. It also, however, generates a soft breaking Higgs b-term of the
form b1 = m0µ1 which is too large; a generic problem with the scenario which has
been noticed by a number of authors.
There is, however another Weyl invariant operator which generates both µ-term
and a b-term, to wit
δL = σ
∫
d4θ
Φ†
Φ
H1H2 (34)
where Φ = 1 +m0θ
2 is the conformal compensator field. This gives µ2 = σm0 and
b2 = −m0µ2. Thus we have µ = µ1 + µ2 and b = m0(µ1 − µ2). It is clear that
if we proceed to determine µ and b via the electroweak minimisation conditions in
the customary way then this amounts to a degree of fine-tuning in order to achieve
b ∼ µ2
8
3.2.2 An unnatural solution
PR [3] propose an ingenious solution to this problem as follows. They introduce the
further contribution to the superpotential
W4 = λ
′′SH1H2 +
1
6
k′S3 +
1
2
k′′ZS2. (35)
The superpotential W4 produces at one loop kinetic mixing of Z and S:
δL ∼ k′k′′
∫
d4θ Z†S. (36)
The large vev for Z produces a large supersymmetric mass term for S, so that it
decouples at low energies and can be eliminated via its equation of motion which for
small k′ is
S = −k′′H1H2
Z
(37)
giving rise to a contribution to the effective low energy theory of the form
δL ∼
∫
d4θ
Z†
Z
H1H2 (38)
and hence via anomaly mediation a contribution to the µ term µ = µ3 and an
associated contribution to the b-term of the form
b3 = −m0βµ3 . (39)
Thus one achieves a b of the right order of magnitude (relative to µ3). Then if λ
′′
and ρ were sufficently small that the contributions to b associated with them were
of similar size to b3 then we would have µ ∼ µ3 and b ∼ b1 + b2 + b3, so that once
more we can determine µ, b via electroweak minimisation. (If we assume that the
PR mechanism is the only source of µ, b then it is difficult to achieve the electroweak
vacuum [5], because Eq. (39) would mean µ and b were not independent.)
The problem with this scenario is that in order to write down the superpotential
W4 we must abandon the Z → −Z symmetry which rendered our theory natural.
This is because the simultaneous presence of the S3 term and the ZS2 term requires
Z and S have the same symmetry properties. As a result a natural theory would
also allow additional terms in Eq. (3) of the form Z3 and Z2S which unfortunately
spoil the mechanism proposed by PR.
3.2.3 A natural solution without fine tuning
Here we propose a very simple mechanism which does not involve additional fields
to generate the µ and b terms of the correct magnitude in a way consistent with the
Z2 symmetry. This is achieved through the case W3 ≡WB3 (Eq. (5)).
The U ′1-breaking proceeds exactly as before and so from Eq. (5) we obtain a µ-
term of the form µ = λ′′〈Z〉. Since 〈Z〉 is of order the U ′1 breaking scale it is therefore
necessary to assume that λ′′ is very small. We will return to this point presently.
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The reason that we can achieve a suitable b-term is that since
Z =
1√
R′2 +R′′2
(−R′H +R′′L) , (40)
we can, c.f. Eqs. (30) and (33), arrange by making ρ ≪ λ that Z ∼ L. This will
suppress the B term since while FH = 〈H〉m0, FL = 0. Quantitatively we have
b =
√
2
ρ
λ
µm0. (41)
Thus we retain naturalness by avoiding the need for cancellation between distinct
contributions to b. Although we do require two dimensionless couplings (ρ and λ′′) to
be small this can be achieved by, for example, the Froggatt-Nielsen mechanism, gen-
erating these terms through higher dimension terms suppressed by a large messenger
mass.
3.3 The Low Energy Theory
The existence of a light singlet field, L, introduces additional contributions to the soft
supersymmetry breaking terms due to the non-decoupling phenomenon discussed in
PR [3]. Following PR we have, in place of Eqs. (7a), (7b) and (7c), the equations
Mi = m0βgi/gi (42a)
hY = −m0
(
∂
∂ lnµ
+
∂
∂ lnM
)
lnZY (µ,M) (42b)
m2φ = −
1
2
m20
(
∂
∂ lnµ
+
∂
∂ lnM
)2
lnZY (µ,M), (42c)
where M is the U(1)′ breaking scale and µ is the low-energy scale parameter (µ ≪
M). The µ dependent terms are the normal anomaly mediated terms while the
M dependent terms are the non-decoupling terms due to the light scalar. These
equations apply in the limit ρ ≪ λ where FL = 0. One sees that the effect of these
non-decoupling terms is simply to retain the contributions of the U ′1 gauge boson
to the soft breaking terms even though the U ′1 gauge coupling freezes out at the
breaking scale M. Thus for example we have for the soft QtcH2 coupling, ht,
16pi2ht = −m0λt
(
6λ2t − 2(CH + CQ + Ctc)
)
, (43)
where we have for simplicity retained only the top-quark Yukawa coupling. The
gauge pieces CQ etc. are as given in Eq. (21), but the U
′
1 coupling is to be evaluated
at the U ′1 breaking scale.
3.4 Phenomenological implications
For both the cases W3 ≡ WA3 and W3 ≡ WB3 , in the limit g′ → 0, the additional
soft terms due to non-decoupling associated with the light scalar state are negligible
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and, to a good approximation, we recover the spectrum of Ref. [4] for the MSSM
states. This is because, as discussed earlier, the coupling of the light singlet L to
the Higgs is very small. The fermionic component, L˜, of L will, however be the
LSP. The accelerator lower limits of around 46GeV will not apply because of the
weak coupling of the state; in our favoured scenario for Higgs µ-term generation we
estimate its mass to be around 10GeV. The cosmological and phenomenological
implications of a L˜ LSP are similar to that of a gravitino LSP and will be discussed
in detail elsewhere.
For the case when the new gauge interaction is not negligible there will be addi-
tional supersymmetry breaking soft contributions to the MSSM states. We will also
return elsewhere to a consideration of the phenomenology in this case too.
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